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Summary
Objective: To test the hypotheses that absolute side differences in knee joint cartilage morphlogy are substantially smaller than intersubject
variability, and that systematic side differences are determined by (force) dominance of the lower limbs.
Methods: Fifteen healthy volunteers with definite dominance of one lower limb were studied. Knees were imaged sagittally with a validated,
high-resolution MR sequence. Transverse MR images of the thigh and calf were acquired with a spin echo sequence. Knee joint cartilage
volume, thickness and joint surface areas, as well as muscle cross sectional areas were determined with in house post-processing software.
Results: Absolute side differences amounted to 5.0±3.7% for the knee cartilage volume, 3.8±3.1% for cartilage thickness, and 3.4±1.7% for
joint surface areas. The intersubject variability was 24.8%, 14.4%, and 14.1%, respectively. Volunteers with dominance of one of both lower
limbs did not display significant side differences in cartilage morphology, but the side differences of the thigh musculature correlated
positively with side differences of knee joint cartilage volume (r= +0.68; P<0.01).
Conclusions: The results advocate the use of cartilage parameters from the contra-lateral limb for retrospectively estimating cartilage loss
in patients with unilateral osteoarthritis (OA), and for determining local risk factors of OA in cross-sectional epidemiological studies, which
are specific to pre-morbid cartilage morphology. Functional (force) dominance of one of both lower limbs does not explain side differences
of articular cartilage morphology, but side differences are postively associated with side differences in muscle cross sectional areas.
© 2002 OsteoArthritis Research Society International. Published by Elsevier Science Ltd. All rights reserved.
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Recently magnetic resonance imaging (MRI)-based
methods have been developed as quantitative tools for
assessment of cartilage morphology in normal aging1 and
in osteoarthritis (OA)2. The large inter-subject variability of
normal knee joint cartilage morphology in healthy
subjects1–3, however, complicates accurate (retrospective)
estimation of cartilage loss vs reference data of either
young or elderly subjects for a given individual in a cross-
sectional setting (T- or Z-score). An alternative approach
in patients with unilateral OA is to compare quantitative
cartilage parameters in the affected side with those of the
(still unaffected) contra-lateral limb. If side differences of
cartilage morphology in normals are smaller than the inter-
subject variation, this approach should be more promising
than comparing data with reference values from the normal
population.
Epidemiological studies have taken advantage of the
model provided by unilateral OA, in order to explore cause–914effect relationships for potential risk factors4,5. This
approach has been based on the assumption that differ-
ences in properties between both lower limbs are small,
and that information about the pre-OA environment can be
derived from the contra-lateral (still non-affected) side. The
advantage of cross-sectional studies is that results can be
generated on a much smaller time scale. Although this
approach cannot replace longitudinal investigations, it can
provide important information to direct and guide these
studies. MRI-based assessment of articular cartilage mor-
phology is now ready to be applied to epidemiological
investigations, for instance to identify whether high or low
cartilage thickness values, or larger or smaller joint surface
areas are potential risk factors of OA. In order to make
effective use of the unilateral OA model, symmetry between
both sides in the pre-morbid healthy state must be
confirmed for macro-morphlogical cartilage properties.
Considering that some deviations in cartilage mor-
phology exist between both sides, it is of interest to
elucidate whether dominance of one of both lower limbs is
associated with functional adaptation of the cartilage to
higher force (loading) on the dominant side. Functional
preference of one of both upper limbs can result in striking
morphological differences in connective tissue morphology,
professional tennis players displaying up to 35% higher
cortical thickness on the playing arm6. Carter and
Osteoarthritis and Cartilage, Vol. 10, No. 12 915Material and methodsFig. 1. MR imaging of side differences in knee joint cartilages and muscle cross-sectional areas; left column shows image data of right side,
and right column image data of left side of the body. (A) 3D gradient-echo sequence with water excitation, showing the patellar, femoral, and
tibial cartilages. (B) 2D spin-echo sequence, showing muscles of the thigh (50% between knee joint space and greater trochanter). (C) 2D
spin-echo sequence, showing muscles of the calf (point of maximal circumference).STUDY SAMPLE
We examined 15 healthy individuals without symptoms
or signs of musculoskeletal disease, no history of pain,
trauma, or operations of the knee, and no history of fracture
or immobilization. We only included subjects that dis-
played definite co-ordination dominance in one and force
dominance in the contra-lateral lower limb, according to
the 11-item behavioral inventory of foot preference byco-workers7 have presented a mathematical framework by
which ‘loading histories’ regulate connective tissue biology,
and we have shown previously that triathletes display
significantly larger knee joint surface areas than physically
inactive volunteers, but not thicker cartilage8. It is, how-
ever, currently unknown whether cartilage morphology is
adapted to functional preference of one of both lower
limbs9–11. The advantage of the current study design is that
genetic and epigenetic differences between individuals
(e.g. nutrition, hormonal status) become irrelevant, and that
differences should be truly confined to differences in lower
extremity function.
The objective of this study was thus to analyse side
differences of knee joint cartilage volume, thickness, and
surface areas, and of the lower limb muscle cross-sectional
areas (MCSAs) in volunteers with definite force dominance
of one of both lower limbs. We specifically tested the
following hypotheses:
(1) Absolute side (left-right) differences in knee joint car-
tilage morphology are substantially smaller than theintersubject variability of cartilage volume, thickness,
and surface areas.
(2) Functional force dominance of the lower limbs deter-
mines systematic side differences in MCSAs and in
knee joint cartilage morphology.
(3) Joint surface areas and cartilage volume are larger,
but cartilage thickness is not different in the (force)
dominant vs non-dominant limb.
916 F. Eckstein et al.: Side differences of knee joint cartilageChapman et al.9. Based on these tests, eight volunteers
were selected with force dominance on the right side (four
male, four female) and seven volunteers with dominance
on the left (four male, three female). The age of the
subjects ranged from 23 to 56 years.MR IMAGING AND DIGITAL POST-PROCESSING
The individuals were asked to physically rest for one
hour before the investigation, to avoid load-induced com-
pression of the cartilage prior to imaging12. MR imaging
was performed at both knee joints with a 1.5 Tesla magnet
(Magnetom Vision, Siemens, Erlangen, Germany), a cir-
cumferentially polarized extremity coil, and a recently
developed water-excitation sequence1,2,13. This sequence
allows for the acquisition of high-resolution images at short
imaging times. Sagittal images were generated (Fig. 1) with
a section thickness of 1.5 mm and with an in-plane resolu-
tion of 0.31×0.31 mm2 (TR=17.2 ms, TE=6.6 ms, FA=20°,
NEX=1, FOV=16 cm, matrix=512×512 pixels, imaging
time=9 min 41 s). Informed written consent was obtained
from all volunteers prior to imaging, the study protocol
having been ratified by the local ethic committee.
All datasets were transferred digitally to a workstation
(Octane Duo, Silicon Graphics, Mountain View, CA). The
segmentation and 3D reconstruction of cartilage and
the computation of quantitative morphological parameters(volume, mean thickness, maximal thickness, joint surface
area) were performed as described previously2,14–16.
To determine MCSAs, transverse 2D images were
additionally acquired from the lower limbs, using the total
body coil (T1-weighted spin echo sequence; TR=532 ms,
TE=15 ms, NEX=1, imaging time=3 min 15 s). The section
thickness of these acquisitions was 10 mm; the in plane
resolution for the thigh was 1.1×1.1 mm2 and that for the
calf was 0.7×0.7 mm2. At both thighs, one image was
obtained mid-way from the knee joint space to the greater
trochanter, and at both calfs one image at the point of
maximal circumference (Fig. 1), respectively. Segmentation
of the MCSAs was performed manually, analysing the total
MCSAs of the thigh and calf. These included the extensors
(quadriceps), flexors, and adductors at the thigh, and they
included the flexors, extensors, and peronei at the calf.
Because of the potentially closer association of patellar
cartilage properties with MCSAs of the knee extensors, we
additionally analysed the quadriceps femoris as a separate
entity. The size of the MCSAs (in cm2) was determined by
numerical integration of the pixels.STATISTICS
To determine whether side differences were smaller than
the intersubject variability, the absolute percentage side
differences were calculated (after eliminating the + and −
signs). The average side difference over the 15 volunteers
was compared to the coefficient of variation (CV%=
standard deviation divided by the mean) of the 15 volun-
teers. Ratios of >1 indicated that the intersubject variability
was larger than the side differences.
To determine whether systematic side differences
existed in MCSAs and in cartilage morphology, we com-
puted the average percentage differences without eliminat-
ing the + and − signs. Note that the left was compared to
the right side, positive values indicating higher values on
the left, and negative values higher values on the right. A
non-parametric test (Mann–Whitney U) was used, to deter-
mine whether systematic side differences were statistically
significant at P<0.05.
To determine whether side differences in MCSAs were
directly correlated with side differences in cartilage mor-
phology, linear regression analysis was applied, and corre-
lation coefficients were computed between percentage side
differences of MCSAs and percentage side difference in
cartilage volume, thickness, and joint surface areas,
respectively.Fig. 2. Knee joint cartilage volumes in the left and right knees of (A)
individuals with force dominance on the left side; (B) individuals
with force dominance on the right side. Note that side differences
are substantially smaller than the intersubject variability.Results
The absolute side-differences in the knee joint cartilage
volume ranged from 5.0±3.7% in the total knee (Fig. 2) to
10.1±6.7% in the medial tibia (Table I). Differences in
cartilage thickness and joint surface area were smaller and
ranged from 2.9±2.8% (patellar joint surface area) to
9.8±8.7% (mean thickness of the medial femoral condyle)
(Table I).
The intersubject variability (CV%) amongst the 15 volun-
teers was substantially larger than the left-right differences
of all parameters (Table II), the smallest ratio being 1.9:1
(maximal cartilage thickness in the lateral femoral condyle),
and the largest one 6.5:1 (mean cartilage thickness in the
patella).
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Side differences of knee joint cartilage morphology in 15 volunteers; mean values (±standard deviation) as well
as minimum and maximum of the absolute differences between left and right
Volume Mean
thickness
Max.
thickness
Joint surface
area
Patella 6.3±5.4 3.9±3.5 6.2±4.7 2.9±2.8
(0.2/17.0) (0.1/12.2) (0.6/18.0) (0.2/9.3)
Medial tibia 10.1±6.7 6.0±4.5 9.7±8.8 6.7±6.0
(0.8/21.0) (0.9/15.5) 0.9/34.3) (0.0/19.6)
Lateral tibia 7.3±5.5 6.0±3.9 5.4±6.6 6.4±4.0
(0.7/16.8) (0.2/14.1) (0.0/20.5) (0.3/14.8)
Femur (total) 6.0±4.2 4.8±4.0 — 3.9±2.8
(0.0/13.4) (0.5/12.1) (0.6/10.0)
Trochlea — 5.5±5.5 5.9±4.2
(0.0/16.1) (0.2/14.4) —
Medial condyle — 9.8±8.7 7.2±5.7 —
(0.4/32.4) (0.0/19.8)
Lateral condyle — 7.0±5.0 8.5±6.1 —
(0.3/14.6) (1.1/20.3)
Knee (total) 5.0±3.7 3.8±3.1 — 3.4±1.7
(0.2/11.5) (0.2/10.7) (1.2/7.1)Table II
Intersubject variability (CV%) in the 15 volunteers (first line) and
ratio between intersubject variability and absolute side differences
(second line)
Volume Mean
thickness
Max.
thickness
Joint surface
area
Patella 24.1 25.3 21.3 13.9
3.8 6.5 3.4 4.8
Medial tibia 30.1 20.4 21.4 16.9
3.0 3.4 2.2 2.5
Lateral tibia 24.1 19.7 24.2 13.4
3.3 3.3 4.4 2.1
Femur (total) 25.4 15.8 — 14.4
4.2 3.3 — 3.7
Trochlea — 15.2 16.5 —
— 2.8 2.8 —
Medial condyle — 18.7 15.1 —
— 2.0 2.1 —
Lateral condyle — 16.2 15.8 —
— 2.3 1.9 —
Knee (total) 24.8 14.4 — 14.1
5.0 3.8 — 4.1The eight individuals with functional (force) dominance of
the left lower extremity displayed no significant difference in
cartilage morphology between both sides. Six individuals
showed higher values of the knee joint cartilage volume on
the left, and two on the right (Fig. 2); the average difference
was +2.0±5.0% (left vs right). For the mean cartilage
thickness the average difference was −1.1±5.1% (three
individuals with higher values on the left), and for the joint
surface area +2.6±3.1% (six individuals with higher values
on the left).
The seven individuals with functional (force) dominance
of the right lower limb displayed significant systematic
difference in cartilage morphology between both sides only
for the cartilage volume of the lateral tibia (−6.5±5.9%; left
vs right) and for the mean cartilage thickness of the medial
tibia (−6.2±4.6%). Four individuals showed a higher knee
joint cartilage volume on the right, and three individuals on
the left (Fig. 2); the average difference was −3.1±6.9% (leftvs right). For the mean cartilage thickness, the average
difference was −1.7±4.7% (three individuals with higher
values on the right) and for the joint surface area
−0.7±3.8% (four individuals with higher values on the
right).
The subjects with force dominance of the left or right
lower extremity showed only trends towards larger MCSAs
of the thigh and calf on the dominant side, but the differ-
ence was not statistically significant. In individuals with
force dominance of the left lower limb, the systematic
difference was +1.2±4.6% (left vs right) for the quadriceps,
+1.3±3.6% for the thigh, and +1.7±4.0% for the calf.
In subjects with force dominance of the right, the values
were +0.2±6.6%, −1.9±5.3%, and −1.0±4.7%, respec-
tively. The side difference in MCSAs of the thigh was not
significantly associated with those of the calf (r= −0.17).
When directly comparing systematic side differences of
cartilage properties (in %) in the 15 volunteers to side
differences of MCSAs (in %), the patella displayed a
significant correlation with the quadriceps, the correlation
coefficient (r) being +0.72 for cartilage volume, +0.60 and
+0.59 for mean and maximal thickness, and +0.74 for joint
surface area. The correlations of cartilage properties with
side differences of MCSAs of the entire thigh (Table III)
tended to be lower, but were significant, except for the
mean patellar cartilage thickness. There was no significant
correlation with side differences of calf MCSAs (Table III).
In the medial tibia, there was a significant positive
correlation of the joint surface area and cartilage volume
with side differences of quadriceps and total thigh MCSAs
and in the lateral tibia there was a significant correlation of
the mean cartilage thickness with the quadriceps MCSAs.
In the femur, the trochlea displayed relatively high coeffi-
cients with side differences of the thigh MCSAs (r= +0.70),
but not the condyles. Amongst all cartilage plates, the
lateral tibia was the only surface in which side differences
of the cartilage volume did not display a significant associ-
ation with those of the MCSAs of the thigh.
For the total knee, there was a significant positive
correlation of the cartilage volume with side differences the
MCSAs of the quadriceps and the total thigh (r= +0.62 and
+0.68, respectively), but there was no significant associ-
ation with those of the calf MCSAs. Side differences of
918 F. Eckstein et al.: Side differences of knee joint cartilagecartilage thickness and joint surface area displayed similar
correlation coefficients with the MCSAs, the association
failing to reach statistical significance (Fig. 3).Fig. 3. Correlation of side differences of muscle cross sectional
areas (MCSA) of the thigh with (A) Side differences of knee
joint cartilage volume; (B) side differences of knee joint cartilage
thickness; (C) side differences of knee joint surface area.Discussion
The purpose of this study was to analyse whether
cartilage parameters from the contra-lateral limb can be
used for more accurately estimating cartilage tissue loss in
patients with strictly unilateral joint disease, and whether
the unilateral OA model can be employed to derive local
risk factors of OA in cross-sectional epidemiological
studies, which are specific to premorbid cartilage mor-
phology, We further investigated whether the morphology
of articular cartilage displays features of adaptation to the
functional preference of the lower limb. The hypotheses
stated in the introduction can be answered as follows:
(1) Absolute side (left-right) differences are considerably
smaller than the inter-subject variability in cartilage
volume, thickness, and surface areas;
(2) Functional force dominance of the lower limb is
associated with a trend towards larger MCSAs at the
dominant side, is not associated with significant
side differences in the thigh or calf. Functional force
dominance of the lower limb is not associated with
significant side differences of knee joint cartilage
morphology (volume, thickness, joint surface area).
However, systematic side differences of the MCSAs of
the thigh are positively and significantly associated
with those of knee joint cartilage volume.
(3) Contrary to our expectation, side differences in joint
surface areas did not show a higher correlation with
side differences in MCSAs than those of the cartilage
thickness. Amongst all cartilage plates, the highest
association was observed between femoro-patellar
cartilage and the quadriceps.
Recent developments in MR imaging and three-
dimensional digital post-processing now permit articular
cartilage morphology to be quantified with high accuracy
and precision in the living2,13–19. The precision errors in the
knee joint cartilage plates have been shown to amount to
less than <4%15,16, and the absolute deviations vs various
accepted, invasive methods in the range of 5%18,19. These
errors are substantially smaller than the intersubject vari-
ability, and the intersubject variability in the current study
was very similar to that reported in 95 young, healthy
volunteers1; it can therefore be taken as representative for
the normal population.
Because of the relatively large intersubject variability of
cartilage volume and thickness in healthy volunteers1,3, it is
difficult to retrospectively estimate articular cartilage loss in
an individual patient. Alternative concepts are therefore
required to reliably judge the original cartilage volume
before the onset of joint disease. In patients with unilateral
disease, a more promising approach may be to compare
values in the diseased knee with those on the healthy side,
rather than with data from healthy individuals1–3. The
current study confirms that left–right differences in cartilage
volume, thickness and joint surface area of the human knee
are substantially smaller than differences between sub-
jects. These findings suggest that it is useful to compare
the cartilage volume of the diseased knee with that of the
contra-lateral limb in patients with unilateral disease, for
reliable (retrospective) estimates of tissue loss. In this
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Correlation coefficients (r) between systematic side differences in muscle cross-sectional areas and knee joint
cartilage morphology
Volume Mean
thickness
Max.
thickness
Joint surface
area
Patella Quadriceps femoris +0.72** +0.60* +0.59* +0.74**
Thigh +0.56* +0.40 +0.56* +0.63*
Calf −0.12 −0.15 −0.07 −0.12
Medial tibia Quadriceps femoris +0.60* +0.37 +0.27 +0.69**
Thigh +0.73** +0.43 +0.15 +0.77**
Calf +0.04 +0.09 −0.14 +0.12
Lateral tibia Quadriceps femoris +0.11 +0.57* +0.23 −0.34
Thigh −0.17 +0.30 −0.07 −0.45
Calf +0.42 +0.34 +0.07 +0.25
Femur (total) Quadriceps femoris +0.45 +0.30 — +0.13
Thigh +0.64** +0.35 — +0.32
Calf +0.32 +0.55* — +0.26
Trochlea Quadriceps femoris — +0.57* −0.54 —
Thigh — +0.70** −0.27 —
Calf — +0.24 +0.55* —
Medial condyle Quadriceps femoris — −0.16 −0.26 —
Thigh — −0.25 −0.07 —
Calf — +0.33 +0.47 —
Lateral condyle Quadriceps femoris — +0.37 +0.45 —
Thigh — +0.44 +0.48 —
Calf — +0.37 +0.47 —
Knee (total) Quadriceps femoris +0.62* +0.50 — +0.33
Thigh +0.68** +0.45 — +0.45
Calf +0.26 +0.31 — +0.28
Note that MCSAs of the thigh include all thigh muscles (quadriceps, flexors, and adductors), whereas MCSA
of the quadriceps only involve the cross-sectional area of the four heads of this particular muscle.
*P<0.05; **P<0.01.context it must, however, be kept in mind that radiographi-
cally uninvolved knees may not have fully intact cartilage in
MR imaging. It may therefore be useful to add semi-
quantitative MR-based grading systems to radiography, for
defining unilateral OA.
Cross-sectional epidemiological studies have been per-
formed in patients with unilateral disease, to explore
cause–effect directions in the relationship between certain
potential risk factors for OA, and OA disease itself4,5. This
strategy has been based on the assumption that the
contra-lateral (non-diseased) limb displays the characteris-
tic features present in the affected limb before the onset of
disease. Our current findings confirm that this assumption
is valid regarding macro-morphological features of the joint
cartilage layer. The unilateral OA model may thus be
employed to determine whether cartilage thickness and
joint surface areas (high or low values) are relevant risk
factors for the onset of OA. The advantage vs longitudinal
investigations is that data can be obtained on a much
smaller time scale, particularly in view of the slow rate of
progression of many individuals with OA. This is not to say
that this approach can replace longitudinal investigations,
but it can provide valuable information to direct and focus
these more elaborate studies.
In order to be able to draw conclusions regarding the
functional adaptation of articular cartilage to the mechan-
ical loading history7,8, we have not randomly selected the
volunteers from the population, but have chosen individuals
that display unequivocal differences in functional (force)
dominance of one lower limb. Asymmetries of the lower
limb (footedness) are less apparent than those of handed-
ness, but are of particular interest in neuropsychology,
because they are not subject to social pressure. Typically,right-handers display better coordination of the right lower
extremity (coordination dominance), whereas the left leg is
stronger (force dominance)9,10; in left-handers these rela-
tionships are usually inverse, but more inconsistent9. The
specialization of the lower limbs is evident at 5 years of
age, but the lateralization increases further during aging11.
The advantage of the current approach (vs that of compar-
ing groups of different individuals with supposedly different
loading histories) is that genetic and epigenetic differences
between persons (e.g. nutrition, hormonal status) are irrel-
evant, and that the measured differences should be con-
fined exclusively to differences in lower extremity function.
The subjects recruited for this study were attributed to one
of the groups (left or right force dominance) based on
various tasks, and they were only included if all seven tests
produced consistent results. Surprisingly, the volunteers
displayed no significant systematic differences in MCSAs
and only displayed trends towards larger MCSAs on the
dominant side. However, side differences of the muscles
did not reach statistical significance. Although previous
investigators have reported that the (force) dominant limb is
typically longer, heavier and stronger20–22, the current
study suggests that functional force dominance of one of
both lower limbs is not consistently associated with larger
MCSAs on the dominant side. Prior studies have reported
an association between the force generated by the muscles
and their cross-sectional areas, but these associations
were only moderate23,24. It may therefore be that functional
dominance of the lower limb is associated with other factors
than larger MCSA, such as the ratio of white and red fibers,
neuromuscular recruitment, etc.
We observed, however, a positive correlation between
side differences in knee joint cartilage volume and side
920 F. Eckstein et al.: Side differences of knee joint cartilagedifferences in MCSAs of the thigh. Unexpectedly, the cor-
relation with the joint surface areas was not higher than that
with the cartilage thickness. Amongst different knee joint
surfaces, the correlation with side differences of MCSAs
was variable: The strongest association was observed
between patellar cartilage morphology and the quadriceps,
and the lowest for the lateral tibia (particularly the surface
area). The strong association of side differences in the
femoro-patellar joint with those of the quadriceps, and the
stronger association between the thigh MCSAs vs calf
MCSAs are not surprising, since the loading of the knee is
dominated by the thigh muscles, and the loading of the
femoropatellar compartment by the quadriceps. However,
we have, no explanation why side differences in cartilage
morphology are associated with side differences in MCSAs,
but not with functional dominance of the lower limbs. It may
be that independent (e.g. trophic) factors regulate both
muscle and cartilage morphology. However, the relatively
strong association between side differences of patellar
cartilage and the quadriceps suggests that functional adap-
tation to certain aspects of the mechanical loading history
of the joint is a relevant factor in determining side differ-
ences of cartilage morphology.
In conclusion, this study advocates the use of cartilage
parameters from the contra-lateral limb for retrospectively
estimating cartilage tissue loss in patients with truly uni-
lateral joint disease, and for assessing local risk factors
of OA in cross-sectional epidemiological studies, which
are specific to features of cartilage macro-morphlogy. Our
results indicate that functional (force) dominance of one of
the lower limbs does not explain side differences of articular
cartilage, but that side differences of cartilage properties
are positively associated with side differences in MCSAs of
the thigh.Acknowledgment
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